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Abstract—This paper proposes a method for measuring the 
degradation rate of crystalline silicon PV modules at plant level 
in two different ways as a form of verification. As actual levels of 
degradation rate have been observed to be as low as 0.2%/a, the 
uncertainties make it difficult to measure this value accurately at 
plant level. However, despite the low value, it is still important to 
know the actual degradation rate due to its impact on energy 
yield. In this paper, two ways of measuring the degradation rate 
at plant level are proposed. These two methods, with different 
uncertainty sources, are proposed to be used jointly in order to 
have a better approach to the real value. Finally, an example of 
measurement in a 1.78 MW PV plant is presented.  
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I.  INTRODUCTION 
Global PV capacity is rapidly growing, with 40, 51 and 75 
newly added GW in 2014, 2015 and 2016 respectively up to a 
cumulative PV installed capacity of 303 GW [1]. According to 
[2], during 2017, PV capacity additions increased to 98.9 GW 
totaling a cumulative PV installed capacity of 401.9 GW 
globally by the end of 2017. This rapid growth is mostly due to 
cost reduction of PV modules down to 0.35 $/W in Q1 2017, 
bringing to an overall PV system cost of 1.03 $/W and a 
levelized cost of energy in the U.S. between 0.04 and 
0.06 $/kWh (all data for utility-scale) [3]. Moreover, the cost 
reduction is being pushed down by the auction and tender 
systems used for procuring PV projects used nowadays in 
almost every big market [4]. In such a competitive market, it is 
critical for utilities to know the energy yield of their PV plants 
throughout their lifetime at the design stage, which, apart from 
the incident radiation on the PV modules and cell temperature, 
depends on the module’s maximum power under standard test 
conditions (PSTC). 
It is usually assumed that crystalline silicon PV modules 
suffer a degradation process, which lowers their PSTC linearly 
over their lifetime. This slow and continuous degradation 
occurs apart from other degradation mechanisms such as LID 
(which only occurs in the first hours), or common faults such 
as hot spots, micro-cracks, snail trails, etc. usually appearing in 
PV modules [5],[6] and which may affect more strongly to 
PSTC. The degradation rate is usually guaranteed by the module 
manufacturer to be lower than 1%/a (20% in 20 years) or 
0.8%/a (20% in 25 years). However, it is usually assumed that 
this degradation rate is around 0.5%/a in accordance with 
analyzed cases by NREL and IEA up to 2012 [7],[8]. 
Moreover, recent studies suggest that this value may be closer 
to 0.2%/a [9]-[12]. 
Despite the low value, it is still significant in terms of 
energy yield. For instance, the difference between assuming a 
degradation rate of 0.5%/a or 0.2%/a is a 3% of the energy 
yield of the PV plant during 20 years assuming a linear 
degradation, which is quite a significant value. 
Measuring a 0.2%/a degradation rate implies the 
measurement of PSTC in consecutive years with an accuracy 
very difficult to attain at plant level. The first measure in order 
to gain accuracy is to space measurements in time, but even 
after 4 years of measurements, it is still difficult to determine 
the degradation rate at plant level, as seen in [13]. However, 
after 10 years have passed since the first PSTC measurement, the 
expected difference to be observed is about 2%, which requires 
a more attainable accuracy, yet with some difficulties, 
considering that during 10 years a PV plant may have suffered 
modifications. In addition, measuring devices’ performance 
may have changed over time, even if calibrated. Moreover, 
after 10 years, measuring devices may have even been replaced 
by newer ones. 
For this reason, in this paper, two methods for measuring 
the degradation rate at PV plant level with different uncertainty 
sources are proposed to be used jointly for the sake of 
redundancy and verification. 
For the first method, maximum power of sampled parts of 
the plant is determined via I-V curves. These data can then be 
extrapolated to STC. Then, a method to extrapolate these data 
to the whole plant based on energy production and other 
parameters such as shading or downtime is applied [13],[14]. 
In this way, the whole PV plant PSTC can be estimated and 
compared to other years’ measurements in order to calculate 
the degradation rate of PV modules. Measurements should 
cover as many years as possible in order to reduce uncertainty. 
The main uncertainty of this method comes from temperature 
measurements and extrapolation to STC. 
Second method is based on the evaluation of the evolution 
of the yearly performance ratio (PR) of the plant. This ratio 
gathers all inefficiencies of the PV plant. As such, PR depends 
not only on PSTC but also on temperature, downtime due to 
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 equipment failure, soiling, etc. However, all parameters except 
PSTC and equipment failure are on average very similar from 
year to year and their variation can be assumed to be random. 
Moreover, during the first years energy loss due to equipment 
failure is very low, hence, the annual trend of PR may well be 
assumed to be only caused by PSTC derating. However, if 
incremental energy loss due to equipment failure is noticeable 
and can be quantified, it should be taken into account. This 
second method has as main uncertainty sources measurement 
of energy production and radiation. One advantage of this 
second method is that data needed are usually readily available 
at PV plants. 
Using these two methods with different uncertainty sources 
leads to a better understanding of the real degradation rate. 
These methods and a case study are presented in this paper. 
However, for a better appreciation of the degradation rate of 
crystalline silicon PV modules, a more extensive study should 
be carried out. 
This paper is organized as follows. Section II explains both 
measuring methods in general terms. Section III shows in detail 
how to apply these methods to a particular PV plant and, 
finally, in Section IV the main conclusions are discussed. 
II. MEASURING METHODS 
A. PSTC evolution 
This first method consists on measuring PSTC of the plant on 
a yearly basis, spacing first and last measurements as much as 
possible; recommended time span is at least 10 years. The 
yearly trend of PSTC is the degradation rate. Note that this 
method relies on several PSTC measurements, and does not rely 
on nameplate PSTC, which, in some cases, as in the case study, 
has been observed to be quite above real PSTC at the time of 
installation of the plant. 
For this method, the plant is split in the smallest sections 
for which energy yield is known. For every section, the 
differences that would make them have a different energy yield 
such as different shading or downtime periods are evaluated. In 
this way, every section energy yield can be normalized so that 
PSTC is the only variable affecting normalized energy yield. 
Moreover, PSTC and normalized energy yield can be considered 
directly proportional. 
The methods for normalizing energy yield will depend on 
the plant configuration; however, provided that all PV modules 
are the same model and are equally oriented it can be assumed 
that they are all equally affected by temperature and soiling. 
Another general assumption, when inverters are all the same 
model, is that inverter and AC losses are equal for all sections 
of the plant. Considering this, shading and downtime are the 
main variables to be considered for normalization. The method 
for normalizing will be explained in more detail in Section III, 
for the case study. 
Secondly, few sections with a representative normalized 
energy yield (i.e., avoiding the sections of the PV plant with 
the highest and lowest normalized energy yields) are selected 
for measuring their maximum power under real conditions (PM) 
with an I-V tracer. In addition, irradiance (G) and cell 
temperature (TC) are simultaneously measured. The techniques 
used for measuring G and TC might depend on the PV plant 
configuration (available mounted sensors, accessibility of PV 
modules, etc.); the technique used in the case study will be 
explained in Section III. With these data, maximum power of 
measured sections can be extrapolated to STC using the 
following two-parameter model of a PV module: 
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where TC is in °C, G in W/m2 and γ is cell maximum power 
temperature coefficient, usually given by the manufacturer and 
usually around -0.45%/°C for c-Si cells. This method is widely 
accepted for its combination of both simplicity and accuracy 
[15],[16]. However, when measuring large areas (i.e. 500 kW–
1 MW) it is sometimes seen as a better solution to use PMPP 
records, although, I-V curves still present similar results if 
special care is taken when measuring G and specially TC 
[17],[18]. Also note that, as I-V tracing is an instantaneous 
measure, in order to compare results with other years, soiling 
should be accounted for by measuring the maximum power of 
sampled modules before and after cleaning them. 
After having obtained PSTC of selected parts of the plant, 
and having normalized every section in terms of energy yield, 
PSTC can be calculated for each section assuming that 
normalized energy yield and PSTC are directly proportional. 
Finally, the whole plant PSTC is calculated as the weighted 
average of the PSTC of every section. Applying this method for 
several years, the yearly variation of PSTC over time can be 
calculated, which is in fact the PV modules’ degradation rate. 
The main uncertainty of this method is the extrapolation to 
STC. Temperature measurement is particularly critical and its 
measurement is difficult for large generators, the main reason 
being that its value is not uniform along the generator, 
especially as wind speed increases. For this reason, test 
conditions should be carefully taken into account. In particular 
[18] recommends an I-V capture time of above 20 ms, incident 
irradiance larger than 800 W/m2, diffuse/global irradiance 
proportion lower than 20%, and wind speed lower than 3 m/s. 
In addition, the value of γ given by the manufacturer has been 
shown to present discrepancies with measured values [19], 
hence, TC should be as close to STC as possible. In this way, 
the propagation error due to a wrong value of γ would be 
drastically reduced, ideally resulting in a zero error in the case 
of measuring at TC of 25°C. 
B. Yearly PR evolution 
This second method relies on data usually available at PV 
plants, namely, radiation on the plane of PV modules and 
energy yield. However, radiation is sometimes measured in the 
horizontal plane. If that is the case, radiation needs to be 
transformed to the plane of the modules. The particular method 
used for the case study can be found in Section III. Yearly PR 
can then be computed as: 
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where Ea is the energy yield of the PV plant during one 
year, Ha is the annual radiation over the plane of the PV 
modules and Gref is the irradiance at STC, i.e. 1000 W/m2. By 
doing this on a yearly basis, the trend of the PV plant’s PR can 
then be obtained. 
PR is affected by many factors apart from actual PSTC, such 
as shadows, soiling, temperature, etc. However, on a yearly 
basis, all factors except PSTC remain almost constant, or rather, 
vary randomly, hence, the yearly evolution of PR can be seen 
as the yearly evolution of PSTC, i.e., the degradation rate. One 
exception to this may be PV plant’s downtime due to 
maintenance, which may slightly increase over time as the 
plant ages. If this effect is noticeable and can be quantified, it 
should be taken into account. 
One of the most important sources of uncertainty of this 
method is the transformation of horizontal radiation to the 
inclined plane so, when possible, radiation should be measured 
in the plane of the PV modules. Regarding energy yield is 
usually measured accurately by the meters used for billing. 
Finally, radiation is usually measured accurately; however, in 
such long periods, data points are sometimes missing. Nearby 
weather stations may be used to fill the gaps or for 
crosschecking. 
III. CASE STUDY 
As an example, in this section, the degradation rate 
measuring methods are applied to a 1.78 MW PV plant in 
northern Spain. The PV plant comprises 280 single-axis 
azimuth-tracking systems, hereinafter referred to as generators. 
The generators, with a nameplate PSTC of 6.36 kW are arranged 
in a square grid, as shown in Fig. 1. Regarding power meters, 
most generators have their own unit, however, some grouped 
generators share one meter. In total, there are 199 power meters 
in the PV plant. Energy data are available on a monthly basis. 
 
Fig. 1. Detail of 10 generators (squares) in the PV plant. Spacing between 
generators in this plant is 16 m. 
A. PSTC evolution 
First step is to normalize the energy yield of the PV plant’s 
smallest sections; in this case, the smallest section that can be 
analyzed is the generator. 
Generators shade each other differently depending on their 
position with respect to each other. For instance, generator 4C 
in Fig. 1. receives no shading. However, generator 2B is 
shaded by generators on both sides (1B and 3B). Generator 4B 
is shaded just like 2B, because generators in this plant never 
cast a shadow over the generator just northward. However, 
generator 3A is shaded not only by side generators (2A and 
4A) but also by generators 2B and 4B but not 3B as explained 
before. In general, seven groups of generators have been 
differentiated according to their energy loss due to shading. For 
every group, the median of the monthly production is chosen as 
the reference value, and the monthly energy yield of every 
generator can be normalized with respect to its own shading 
group. 
Generators’ downtime, usually due to failure of the inverter 
or the tracking system, although rarely occurring (less than 1% 
of energy yield is lost for this cause in the case study) is also 
accounted for. To do so, whenever the normalized energy yield 
drops significantly and recovers the next month, it is assumed 
to be caused by a temporary failure and not due to a 
degradation process of the PV module. Accordingly, these few 
data points are removed for further calculations. 
Having normalized energy yield, only few generators’ PSTC 
need to be measured in order to estimate the plant’s PSTC. In 
this case, six generators were chosen for PSTC measuring. For 
this purpose, irradiance and TC need to be measured. Irradiance 
is measured with a reference PV module as proposed in [17], 
via its short-circuit current. Regarding TC, different techniques 
might be used; in this case, an infrared camera is used to 
measure several points of the backsheet of the PV modules. TC 
is obtained by computing the average of these measurements. 
PSTC is then calculated and plotted against normalized energy 
yield. 
In order to estimate the rest of the generators’ PSTC, a linear 
regression, forced to pass through (0,0), is carried out between 
normalized energy yield and PSTC (Fig.2.). Following the 
resulting linear equation, PSTC can then be estimated for every 
generator according to their normalized energy yield. 
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Fig. 2. Linear regression of normalized energy yield and measured PSTC. 
Finally, the whole plant PSTC can be calculated as the 
weighted average of the PSTC of every generator. In this case, 
the average PSTC value is 5567 W or 0.875 of the nameplate 
PSTC power.  
Comparing the value obtained with previous years’ 
analysis, degradation rate can now be calculated. As shown in 
Fig. 3, a linear regression suggests that degradation rate is 
0.40%/a. Note that this PV plant was installed in 2005, hence, 
even though PSTC values are very low in 2016, degradation is 
not the main cause. The cause is an abnormal low initial PSTC, 
which is out of the scope of this paper. Worst and best cases 
are 0.49%/a and 0.36%/a respectively. Among these values, 
0.49%/a is, in principle, the value with the highest uncertainty, 
as it only uses two points (years 2009 and 2016), separated by 
7 years. On the other hand, the value 0.36%/a, despite being 
also obtained with just two points (2006 and 2016), these are 
separated by 10 years, resulting in a lower relative uncertainty. 
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Fig. 3. Linear degradation rate according to campaings in 2006, 2007, 2008, 
2009 and 2016. Degradation rate lies between 0.36%/a and 0.49%/a. 
In this case study, it can be appreciated that the measured 
value is different depending on the years used. By measuring 
PSTC every year, a more representative value is obtained, yet 
quite a wide range of values is obtained. The second method 
helps in the interpretation of these values. 
B. Yearly PR evolution 
For this method, firstly, yearly production (in kWh) is 
divided by nameplate STC power (in kW). Next, yearly 
radiation on the plane of the modules is needed. In the case 
study, only horizontal radiation was available, but on a 
monthly basis. This made it possible to convert monthly 
horizontal radiation into radiation on the plane of the modules 
as in [20]. This is an approximation and represents the biggest 
source of uncertainty of this second method. 
With these two sets of data, last step is to calculate PR 
using (2). In this case, as data for every year of study exist, and 
there is no apparent anomalies in the data (i.e., no apparent 
outliers) only linear regression is considered. Assuming that 
evolution of PR is mainly due to degradation of PSTC, it can be 
said that degradation rate according to the second method is 
0.23 %/a, as shown in Fig.4.  
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Fig. 4. PR graph shows a negative evolution of 0.23%/a. 
Note that, as real PR may include other incremental energy 
losses than those only due to PV module degradation, its trend 
at least represents an upper bound to the real degradation rate. 
As such, a lower measured value of the PR trend than the 
degradation rate obtained in the first method (which might 
happen due to uncertainty, and in fact happens in the case 
study) suggests that measured degradation rate in the first 
method must have been biased towards greater values so that 
real value must be lower. 
IV. CONCLUSIONS
This paper addresses the problem of measuring the 
degradation rate of crystalline silicon PV modules at plant 
level. In this paper, two methods are presented for the 
measurement of the degradation rate of crystalline silicon PV 
modules at plant level. First method is based on the direct 
measurement of maximum power, irradiance and cell 
temperature. Extrapolation to STC and comparison with other 
years’ measurements reveals a first approach to the degradation 
rate. This method is particularly sensitive to cell temperature 
measurement for which special care must be taken. Given that 
degradation rate can be as low as 0.2%/a, it is recommended 
that about 10 years separate first and last measurements. This, 
however, leads to other uncertainty sources, such as equipment 
and plant modifications over time. As such, this method reveals 
a wide range of degradation rate values depending on the 
analyzed year. For this reason, in order to crosscheck the 
values obtained with the first method, a second method with 
different uncertainty sources is proposed. The second method 
is based on energy yield and incident radiation measurements, 
which are variables usually available at PV plants. This second 
point of view provides new information and, for instance, in 
the case study, suggests that the degradation rate is not as high 
as observed with the first method. Note that, although using 
these two methods gives a better understanding of the 
degradation rate than using just one of them, uncertainty is still 
high when measuring just one plant. For a more accurate study 
on the actual value of the degradation rate of crystalline silicon 
PV modules, a more extensive measuring campaign should be 
carried out. However, this study already shows that degradation 
rates are well below guaranteed values; moreover, it suggests 
that degradation rates might be even below the 0.5%/a 
generally accepted. 
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